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EVALUATION OF TANGENTIAL VELOCITY EFFECTS ON SPINNING
TRANSVERSE COMBUSTION INSTABILITY

by Marcus F. Heidmann and Charles E. Feiler

Lewis Research Center

SUMMARY

An evaluation is made of the effect of a steady tangential or vortex flow on traveling
transverse mode instability in rocket combustors. Experimental and analytical evidence
of changes in stability limits caused by tangential flow is presented. Relatively low mag-
nitude flows (a few feet per second) are found to affect stability substantially. This sen~
sitivity is shown to be consistent with the effect of a steady tangential velocity on the dy-
namic response of a velocity sensitive mechanism such as propellant atomization or drop
vaporization. The probability of incurring such velocities in developmental combustors
is examined. A small tangential velocity can result from several causes. Its detection,
however, can readily be obscured by other flow processes. Steady tangential velocities
in the direction of the wave motion and opposed to the motion are shown to have inverse
effects on the energy released in phase with the pressure oscillations which, in turn, may
amplify or damp, respectively, the acoustic oscillations. It is concluded that this char-
acteristic of tanggntial flow may be useful in the control of combustion instability in
rocket combustors.

INTRODUCTION

The search for methods and techniques for suppression or elimination of combustion
instability in rocket engines will be a continuing effort until satisfactory solutions are
attained. In the pursuit of this goal, many of the parameters known to affect the stability
of a combustion system have been extensively investigated. Acoustic liners, chamber
baffles, drop and jet breakup times, axial energy release, and combustor geometry have
received extensive study, and a significant improvement in controlling and predicting in-
stability has resulted. Additional improvement, however, is required. Thus a need



exists to continue these efforts as well as to explore other factors previously not con-
sidered.

Recent experimental and theoretical studies have shown that a steady tangential or
vortex velocity causes substantial changes in the stability boundaries associated with
traveling transverse oscillations, The purpose of this report is to discuss the heretofore
neglected significance of these angular flow effects to the problem of combustion insta-
bility in developmental combustors. Available information on stability boundaries is pre-
sented and discussed to illustrate the sensitivity of instability to tangential velocity. An
analysis of velocity dependent mechanisms is presented which accounts for this sensi-
tivity, Finally, the contribution of tangential velocity effects to the cause of instability
and the utilization of such velocities in the elimination of instability are discussed. The
discussion is qualitative in its application to instability in developmental combustors, but
it demonstrates the probable value of additional experimental and theoretical studies.

SYMBOLS

R4 contraction ratio, dimensionless
speed of sound, ft/sec

instantaneous energy release, (ft)(1b)/sec

—_ — 27
E average energy release, E = ZL /& E dt, (ft)(lb)/cycle
m
E average of oscillating component of E in phase with pressure,
N /2 37/2 B
E=L| Y (E-B+ ), (E-E) ()W)/cycle .
2m -m/2 /2
J 1 Bessel function, first kind, first order
4 burning rate parameter, Rm/«/, dimensionless
M Mach number based on AV
M, Mach number based on AVQ
Mg X Mach number of axial velocity component of gas
2
Mg 0 Mach number of tangential velocity component of gas
b
M mass concentration of unvaporized propellant, 1b/cu in.
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m fraction of propellant burned per inch, in.
O/F oxidant-fuel weight ratio, dimensionless
P, chamber pressure, 1b/sq in.
AP c chamber pressure oscillation amplitude, peak-to-peak, 1b/sq in.
R combustor radius, in. or ft
t time, sec
AV net velocity difference between liquid and gas, AV = (Asz{ + Avg) 1/2, ft/sec
AVx velocity difference between liquid and gas, axial direction, ft/sec
AVG velocity difference between liquid and gas, tangential direction, ft/sec
Wotom  2tomization rate, Ib/(sec)(cu in.)
vap vaporization rate, 1b/(sec)(cu in.)
B chamber radius, wR/a, dimensionless
% specific heat ratio, dimensionless
€ oscillation amplitude, dimensionless
6 angular position, rad
P gas density, 1b/cu in.
w frequency, rad/sec
Superscript:

— average value

EXPERIMENTAL COMBUSTION STUDIES WITH TANGENTIAL VELOCITY

Several studies have been made with both liquid and solid propellant combustors in
which transverse oscillations were induced by a tangential flow velocity (refs. 1 to 4).
This effect has been examined in some detail in a two-dimensional circular liquid propel-
lant combustor (refs. 1 and 4). In this particular combustor, the injection of a tangential
flow of nitrogen gas produced pressure oscillations that were identified as the first trans-
verse traveling mode of the combustor. The nitrogen flow rate required to cause in-
stability was determined for a range of combustor operating conditions (P . 100 to 300
1o/sq in.; O/F, 2 to 10). Typical results in the form of stability boundaries are shown
in figure 1(a) for various nitrogen mass flow rates. In the absence of nitrogen flow, this
combustor was stable. As shown in figure 1(a), increasing the nitrogen mass flow rate
expanded the region of unstable operation.



Oxygen flow, Ib/sec

has been calculated in reference 5 for a vaporization-limited combustion model.
sults taken from reference 5 are shown in figure 3.
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Figure 1. - Stability boundaries in two-
dimensional circular combustor.

From a knowledge of the injection rates, it is
possible to calculate the tangential gas velocity at
the circumference of the combustor by using the mo-
mentum balance given in reference 1. Figure 1(b)
shows the stability boundaries as a function of the
tangential gas velocity. The unstable region is quite
sensitive to tangential velocities of relatively small
magnitude.

Figure 2 shows the effect of tangential velocity
on the measured pressure amplitude AP c/P o for
this combustor at oxygen and hydrogen flow rates of
about 0. 4 and 0. 15 pound per second, respectively.
A threshold velocity for instability of about 30 feet
per second was observed at this condition, Initially,
pressure amplitude increased almost linearly with
velocity. At higher velocities the amplitude asymp-
totically approached a value of about 90 percent.

The significance of these results is that the pressure
amplitude can be increased or decreased by varying
the tangential gas velocity.

Other techniques of inducing transverse oscilla-
tions include the use of tangentially alined shock
tubes and explosive devices. In each of these tech-
niques, the pressure pulse generated by the device
The
relative contributions of the pressure pulse and the
gas velocity toward initiating oscillations remain un-

is accompanied by a tangential flow of gas.

resolved.

THEORETICAL COMBUSTION STUDIES WITH TANGENTIAL VELOCITY

The effect of a steady vortex velocity on stability boundaries in a toroidal combustor

The re-
For small pressure disturbances,

the stability limit is extremely sensitive to a small steady vortex or tangential velocity.
Conversely, given a small vortex velocity, the curves predict that essentially infinitesi-

mal disturbances will grow.

The vortex velocities (based on a speed of sound of 5000

ft/sec) required to trigger instability ranged from about 15 feet per second at a value of
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Figure 2. - Effect of tangential velocity on pressure amplitude of com- Figure 3. - Effect of vortex velocity on stability
bustion instability in circular combustor (ref. 4). Oxygen flow rate, boundaries calculated for vaporization-limited
0. 4 pounds per second; hydrogen flow rate, 0.15 pounds per second. model of toroidal combustor (ref. 5).

0. 1 for the burning rate parameter ¥ to about 4 feet per second at a value of 10. In-
terestingly enough, if ¥ is large for a given geometry, indicating that the combustion
is more concentrated spatially, a smaller vortex velocity is required to induce instability.
In order to compare the experiments of reference 4 with the theory, an ¥ wvalue for
the experimental combustor must be approximated. Since the combustor was not 100 per-
cent efficient (ref. 4), it can be assumed that the entire radius (equivalent to length in a
cylindrical combustor) was needed for the burning process. The simplest assumption is
that the fraction of propellant burned per inch m varied linearly with radius and was
0. 25. Contraction ratio for this combustor geometry is probably most logically defined
(ref. 5) as the volume of the combustor divided by the product of nozzle area and the dis-
tance from injector to nozzle (i. e., combustor radius). As defined, the contraction ratio
& was 8. These values of m and & resultinan & of 0.125. According to figure 4,
the stability boundary at this value of % occurs at a vortex velocity of about 15 feet per
second for small pressure disturbances. The experimental value found was about 30 feet
per second. Thus, from both experimental and theoretical evidence, the stability limits
of a combustor to traveling transverse oscillations are apparently sensitive to a steady
tangential velocity. In the following discussion, an attempt will be made to develop a
simple model and explanation for this sensitivity and to suggest the use of tangential
velocity as a possible means for controlling this mode of instability.

TANGENTIAL VELOCITY AND COMBUSTION MECHANISMS

The foregoing discussion has shown experimental and theoretical evidence that a low
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steady tangential velocity can readily excite the
A Mean traveling transverse mode of combustion oscilla-
\/ | [ \/ ' pressure  tions. To explain this effect, a simple model of
a quasi-steady velocity-dependent combustion
mechanism incorporating the effect of this veloc-
ity will be developed. It is assumed that the

Pressure

(a) Pressure oscillation.

2 A /‘\ m Zero energy released from the combustion process de-

§ _ \/ \/ \/ } \/ veloclty pends on the value of the absolute velocity. Fig-

. ' ‘ l * . h ' ures 4(a) and (b) show the variations of pressure

SEBs I A

o=2g (AL NN2) and velocity with time, respectively, for a trav-

(b} Velocity osciliation for traveling wave with no steady flow eling transverse wave without a steady velocity

in plane of wave. . .
component, If the energy release is linearly re-

= lated to the absolute velocity, the energy release

2 \ / _ Zero curve shown in figure 4(b) results. It can be seen

= .

Vi VIV Vel that the energy release is symmetric and reaches

a maximum twice during each cycle of the pres-
sure wave. Thus, no energy is added preferen-

Oscillating
energy re-
fease, «|V|

{c) Velocity oscillation for traveling wave with steady flow in tially to either drive or damp the wave, and the

direction of wave. system can be considered to be neutrally stable
z Eeelgélty according to Rayleigh's criterion (ref. 6). Such
§ \/‘I \/ ! \/ l\/ velocity coupling effects have been discussed for
2= axial mode instability in solid propellant engines
5t ) (ref. 7) and for transverse instability in liquid
828 Timel—» 1 propellant engines (ref. 8).
(d) Velocity oscillation for traveling wave with steady flow in If a time-independent velocity, or steady

opposite direction of wave. . . . . .
velocity, is superimposed on the oscillating ve-

locity as shown in figure 4(c), the in-phase energy
release increases at the expense of the out-of-phase energy release. The wave thus is
driven by biasing the velocity in the direction of wave motion.

Biasing the velocity in the direction opposite to the wave motion gives the results
shown in figure 4(d). In this case there is a net increase in the out-of-phase energy re-
lease, and the wave is damped.

At least two processes associated with the combustion of liquid propellants show de-
pendence on velocity although not in the simple linear manner of the preceding discussion:
droplet vaporization and atomization, As given in reference 5, the rates of these two

Figure 4. - Phase relations for spinning transverse waves.

processes are

oc(plAVDl/z

Wyap



it
\ l
i

and

Wa.tom

o« p5/12'Av,1.25

For the vaporization process the net fractional energy addition (or loss) to the wave over
a cycle was calculated. It was assumed that the energy release was directly proportional
to the evaporation rate. The results are shown in figure 5 where the ratio of net energy
exchange E to the average energy E is plotted for relative tangential velocity up to a
Mach number 1\716 of 0.1. The axial Mach number ﬁx was 0.02. The inviscid solu-
tions given by reference 9 for the first traveling transverse mode were used to describe
the gas properties and flow:

"UI|O"U

(¢}

=1 - ey (B)cos(wt + 6)

% =1 - eJl(/S)cos(wt + 6)
)

J
M € 1(3)

=M_ ,+

g, 0 e, 0 cos(wt + 0)
b 3

The extent of driving or damping was determined by comparing the energy-release
time variation given by (p [AV ])1 2 with the pressure time variation and by computing
the net of the in-phase energy addition or the out-of -phase energy loss. As shown in

g .5
g 4
T
E 3 1= —
Z:‘ Oscillation i ]|
£ 1 amplitude, P2 R
- dimensionless - ///
o
gl | | o3 /?// i
2 e
P e
L. -, 3
- -1 -.08 ~-.06 -.04 -.02 0 .02 .04 .06 .08 .1

Steady tangential velocity, M—e, dimensionless

Figure 5. - Effect of tangential velocity on the phase-related energy release. Calculated for vaporization-limited
model in toroidal combustor (ref. 5). Axial Mach number, M,, 0.02.



figure 5, the energy release indicates that driving occurs with no bias velocity. In this
case, the effect is due solely to density, since, in the linear example shown in figure 4,
an unbiased velocity was the neutral condition. Starting from this point, increasing the
bias velocity either serves to drive the wave or damp the wave dependent on whether it
follows or opposes the wave motion, respectively. Once the velocity is completely biased
at a given wave amplitude, the ratio E/ E decreases and approaches zero asymptotically
because further increases in the bias velocity serve only to increase the average energy

portion rather than the oscillating portion.

In this case, the oscillating portion can be

increased only by increasing the wave amplitucll\g. The effect of increasing the steady
axial flow _AT/'X is also to decrease the ratio E/E, sincs it contributes only to the aver-
age energy of the system. Thus, the largest values of E/E occur when the AVX is at
ero. This aspect has been brought out in discussions in references 10 and 11
where it was pointed out that the most sensitive interval in the course of combustion
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Figure 6. - Phase relations from vaporization model with

initial vortex velocity. One-dimensional toroidal combustor.

Input conditions: burning rate parameter, &, 0.1; tan-
gential Mach number, Mg, 0.004; pressure amplitude,
APC/PC, 0.01; Mach number of axial velocity component

of gas, Mg' x 0-05.

occurs when the velocity difference (be-
tween the gas and a drop) passes through
Zero.

Some of these effects can be ob-
served in the more complex analysis of
reference 5 where the feedback from the
combustion process to the pressure wave
was included. Figure 6 shows the pres-
sure, velocity, and vaporization rate
histories for an unstable condition in a
vaporization-limited process. For con-
venience, (Pc/'lsc) -1 has been plotted
in figures 6 and 7. The pressure and
velocity are seen to be essentially in
phase as occurs in a traveling wave., A
frequency doubling in the vaporization
rate curve was also observed in response
to the velocity-sensitivity of this process.

In view of the extremely small tan-
gential velocity needed to induce instabil-
ity in these calculations (ref. 5), some
other calculated data similar to that of
reference 5 were examined to see if a
steady tangential velocity component ap-
peared when it was not included in the
initial conditions of the calculation. These
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data are shown in figures 7(a) and (b) for a stable and an unstable case, respectively. In
the stable case (fig. 7(a)) the pressure and velocity are phase related as in a standing
wave when compared at the same angular position. The tangential velocity component,
averaged with respect to angular position, was quite small and had only a random time
variation, which somewhat resembles turbulent fluctuations. In the unstable case

(fig. 7(b)) pressure and tangential velocity were initially in a standing wave relation but
tended to progress into a traveling wave phase relation. In this case, the net tangential
velocity component, while still very small, was nonzero and appeared to have a frequency
about one-fourth that of the pressure wave. The vaporization rate curves for both these
cases did not show any tendency toward frequency doubling as was found in figure 6. The
contribution from tangential velocity is probably obscured because of its smallness

(Mg = 0.01) as compared with the axial velocity (M, = 0.1). These calculations do not
establish tangential velocity as a cause of instability; however, they do indicate that a
traveling wave may result from the nonlinear treatment of a standing wave and that a net
tangential velocity may occur during instability.



TANGENTIAL VELOCITY AND DEVELOPMENTAL COMBUSTORS

The significance of tangential velocity in developmental combustors can be con-
sidered from two standpoints: as the cause of unstable combustion in existing engines,
or as a means of controlling instability in these engines. These two views will be dis-

cussed separately.

Source of Instability

Some evidence for tangential velocity components in full-scale engines does exist.
For example, a large roll disturbance in the third stage of the NASA Scout ST-1 vehicle
was found to coincide with large amplitude chamber pressure vibrations (ref. 12). These
vibrations were tentatively identified as tangential modes of instability. At high ampli-
tudes, such oscillations are accompanied by acoustic streaming flows, as found in ref-
erence 9. These effects have been discussed also in references 3 and 13. The present
discussion is concerned with small tangential velocities that may initiate instability and
thus occur prior to, or simultaneously with, pressure oscillations.

Tangential velocity during stable combustion in developmental combustors has not
been reported to date. The detection, however, might be more difficult than casual ob-

T T, T,
Contraction ratio,
- A,
dimensionless

T
LA | Y

g g
s 4
% 86 / »'/ ///
=]/ RP s
oA BT
8% %<
—
0 50 100 150 200

Tangential velocity, Vg, ft/sec

Figure 8. - Helix angle of ideal gas flow vector
as function of tangential velocity for several
contraction ratios. Speed of sound, a, 5500
feet per second.
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servation indicates. This detection difficulty is
illustrated in figure 8, which shows the helix angle
of an axial streamline as a function of tangential
velocity and combustor contraction ratio. The
helix angle, calculated by considering only steady
axial and tangential velocities, is large (essentially
axial flow) for low contraction ratio engines. An
89° angle is indicated for a 1.5 contraction ratio
engine with a tangential velocity of 40 feet per sec-
ond. Such a velocity is more than sufficient to
cause instability for values of ¥ > 0.1 according to
figure 3 (p. 5). The detection of such a velocity
would be difficult. All that can be concluded is that
evidence does not preclude the presence of low tan-
gential velocities in developmental combustors.
Vortex generation in flowing media is frequently
encountered. A variety of pressure distributions
due to obstructions such as baffles or injector con-
tours can promote tangential or vortex velocity.




Another source is the angular momentum imparted by injected propellants since injec-
tion from individual elements is not necessarily in the axial direction.

Experimentally, the wave direction in spinning transverse oscillations was found to
occur in a preferred direction dependent on the orientation of injector elements (ref. 8).
This preferred direction was attributed to the enhanced burning rate that would occur if
the wave induced a variation in the mixture ratio in the vicinity of the injection point. As
an alternative view it can also be postulated that during combustion adjacent oxidant and
fuel injection points (due to blocking of one by the other) give rise to a lateral flow of
gases that is predominantly directional. Under such conditions the tangential flow would
promote instability in this preferred direction,

Tangential velocity may be the cause of instability in developmental combustion, and
consideration should be given to this possibility in designing combustors.

Control of Instability

In principle, the foregoing discussion suggests a means of controlling transverse
spinning combustion instability. The requirements are a controllable tangential velocity
and a means of determining the propagation direction and the magnitude of the wave.

Upon detection of a spinning oscillation, a tangential velocity opposite in direction to the
wave would be initiated and the energy release of this combustion process would then
cause the wave to damp. The tangential velocity would be reduced as the wave decayed
and reversed in direction if a wave in the opposite direction developed. In principle,
such a scheme, although undeveloped, would provide positive stabilization of the combus-
tor.

Ideally, the propellants to be burned should be used as a source of the tangential ve-
locity. For example, one could inject the propellant in a manner so that its vector di-
rection may be changed or one could inject a part of the propellant tangentially. Other
methods such as variable angle control vanes, or baffles, secondary flow injection, com-
bustion gas by-pass, and other technigques might prove more advantageous in certain ap-
plications. Achieving stability by controlling tangential flow would avoid the ordinary
methods of stabilization, such as injector changes and baffle installations, that are pres-
ently employed and are unique to each combustor,

CONCLUDING REMARKS

This discussion of the tangential velocity effects on spinning transverse combustion
instability has shown that tangential velocity is significant to the problem of combustion

11



instability in developmental combustors. Its importance should be emphasized in the
design and testing of combustors so that this source of instability can be eliminated. The
use of tangential velocity as a means of controlling instability obviously requires con-
siderable developmental effort before it can become applicable. It would only be effec-
tive for oscillatory combustion processes which are sustained by velocity sensitive com-~
bustion mechanisms. That control may be effective in one combustor and not in another
is also probable,

The velocity sensitive mechanism proposed and its extreme sensitivity to small tan-
gential velocities suggest that these may be principal causes of combustion instability.
In the case of transverse instability, they further suggest that the success of baffles
may be due to their preventing these tangential velocities from occurring.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, January 26, 1966.
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